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A general theme that has emerged from studies of DNA tumor viruses is that otherwise unrelated oncop-
roteins encoded by these viruses often target the same important cellular factors. Major oncogenic determi-
nants for human adenovirus type 9 (Ad9) and high-risk human papillomaviruses (HPV) are the E4-ORF1 and
E6 oncoproteins, respectively, and although otherwise unrelated, both of these viral proteins possess a
functional PDZ domain-binding motif that is essential for their transforming activity and for binding to the
PDZ domain-containing and putative tumor suppressor protein DLG. We report here that the PDZ domain-
binding motifs of Ad9 E4-ORF1 and high-risk HPV-18 E6 also mediate binding to the widely expressed cellular
factor MUPP1, a large multi-PDZ domain protein predicted to function as an adapter in signal transduction.
With regard to the consequences of these interactions in cells, we showed that Ad9 E4-ORF1 aberrantly
sequesters MUPP1 within the cytoplasm of cells whereas HPV-18 E6 targets this cellular protein for degra-
dation. These effects were specific because mutant viral proteins unable to bind MUPP1 lack these activities.
From these results, we propose that the multi-PDZ domain protein MUPP1 is involved in negatively regulating
cellular proliferation and that the transforming activities of two different viral oncoproteins depend, in part,
on their ability to inactivate this cellular factor.

Human adenovirus type 9 (Ad9) is a unique oncogenic virus
that generates estrogen-dependent mammary tumors in rats
(22). Whereas the viral E1A and E1B oncoproteins are respon-
sible for tumorigenesis by most human adenoviruses (44), the
primary oncogenic determinant for Ad9 is its E4-ORF1
(9ORF1) transforming protein (21, 23, 52, 59). Mutational
analyses of the 125-amino-acid (aa) 9ORF1 protein implicate
three separate regions (regions I, II, and III) as being critical
for transformation (56). Although the activities associated with
regions I and II have not been determined, region III at the
extreme carboxyl terminus of 9ORF1 mediates interactions
with multiple cellular polypeptides (p220, p180, p160, p155,
and p140/p130) (57). This carboxyl-terminal 9ORF1 domain
was recently discovered to define a functional PDZ domain-
binding motif (28) and, consistent with this finding, 9ORF1-
associated protein p140/130 was identified as the cellular PDZ
protein DLG (28), a mammalian homolog of the Drosophila
discs large tumor suppressor protein dlg-A (29, 33).

In humans, infections with human T-cell leukemia virus type
1 and high-risk human papillomaviruses (HPV) are associated
with the development of adult T-cell leukemia and cervical
carcinoma, respectively (5, 43). Finding a functional PDZ do-
main-binding motif at the carboxyl terminus of 9ORF1 subse-
quently led us to discover that human T-cell leukemia virus
type 1 Tax and high-risk but not low-risk HPV E6 oncoproteins
possess similar binding motifs at their carboxyl termini and, in
addition, bind DLG (28). Although it is well established that
transformation by high-risk HPV E6 proteins depends in part
on an ability to target the tumor suppressor protein p53 for

degradation (42), other E6 functions are also known to be
important (27, 38, 47). In this regard, high-risk HPV-16 E6
mutant proteins having a disrupted PDZ domain-binding motif
lose the capacity to oncogenically transform rat 3Y1 fibroblasts
(26). Moreover, we recently showed that high-risk HPV E6
proteins target the PDZ protein DLG for degradation in cells
(11). Therefore, a common ability of several different human
virus oncoproteins to complex with cellular PDZ domain pro-
teins probably contributes to their transforming potentials.

PDZ domains are approximately 80-aa modular units that
mediate protein-protein interactions (6, 7). PDZ domain-con-
taining proteins represent a diverse family of polypeptides that
contain single or multiple PDZ domains, other types of pro-
tein-protein interaction modules including SH3, WW, PTB or
pleckstrin homology domains, and protein kinase or phospha-
tase domains (35, 40). Consistent with such domain structures,
many PDZ proteins play a role in signal transduction. In this
capacity, these cellular factors serve to localize receptors and
cytosolic signaling proteins to specialized membrane sites in
cells and, in addition, to act as scaffolding proteins to organize
these cellular targets into large supramolecular complexes (6,
8, 37). The PDZ domains of these cellular factors typically
recognize specific peptide sequence motifs located at the ex-
treme carboxyl termini of their target proteins (48), although
PDZ domains can also mediate other types of protein interac-
tions (3, 30, 63). To date, three different types of carboxyl-
terminal PDZ domain-binding motifs have been identified (31,
48, 50), and at their extreme carboxyl-termini, the Ad 9ORF1,
HTLV-1 Tax, and high-risk HPV E6 oncoproteins possess a
type I binding motif with the consensus sequence -(S/T)-X-(V/
I/L)-COOH (where X is any residue) (28).

Although our findings (28, 56, 57) and those of others (26)
suggest that DLG is an important cellular target for transfor-
mation by both human Ad E4-ORF1 and high-risk HPV E6
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oncoproteins, our previous results with the 9ORF1 protein also
argue for the existence of additional important cellular PDZ
protein targets. Specifically, disruption of the 9ORF1 PDZ
domain-binding motif abolishes the interaction of 9ORF1 with
DLG, as well as with several other unidentified cellular pro-
teins (p220, p180, p160, and p155) (57). Consistent with this
observation, we now report that the 9ORF1-associated protein
p220 is the multi-PDZ domain protein MUPP1 (55) and that
9ORF1 abnormally sequesters this cellular factor within the
cytoplasm of cells. We further show that the high-risk HPV-18
E6 (18E6) oncoprotein likewise complexes with MUPP1 but
instead targets this cellular factor for degradation in cells.
These findings suggest that the transforming potentials of the
human Ad E4-ORF1 and 18E6 proteins depend on their ability
to block the function of MUPP1, a large multi-PDZ domain
protein predicted to function as a scaffolding factor in cell
signaling.

MATERIALS AND METHODS

Cells. NIH 3T3 (20), CREF (9), COS7 (13), TE85 (32), and 293 (14) cell lines,
as well as the Ad9-induced rat mammary tumor cell line 20-8, were maintained
in culture medium (Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum) under a 5% CO2 atmosphere in a humidified incubator
at 37°C. CREF cell pools (group 16) stably expressing wild-type or mutant
9ORF1 protein (56) and a CREF cell pool stably expressing an influenza virus
hemagglutinin (HA) epitope-tagged 9ORF1 protein (58) were maintained in
culture medium supplemented with G418 (Gibco BRL).

Plasmids. The partial murine 9BP-1 cDNA (28) encoding the carboxyl-termi-
nal 526 aa of 9BP-1 was inserted between the BamHI and HindIII sites of
plasmid pQE9 (Qiagen) to make plasmid pQE9-9BP1-CT526. The full-length rat
MUPP1 cDNA from pBSK-MUPP1 (55) was introduced between either the
SacII and EcoRV sites of plasmid pSL301 (Invitrogen) or the HindIII and EcoRI
sites of cytomegalovirus expression plasmid GW1 (British Biotechnology) to
create plasmid pSL301-MUPP1 or GW1-MUPP1, respectively. Plasmid GW1-
HAMUPP1 was derived from GW1-MUPP1 by introducing an HA epitope
tag at the amino terminus of MUPP1 by PCR methods. Plasmids GW1-
HAMUPP1DPDZ7, GW1-HAMUPP1DPDZ10, and GW1-HAMUPP1DPDZ7/10
were derived from GW1-HAMUPP1 by deletion of MUPP1 sequences coding
for either PDZ7 (aa 1166 to 1232) or PDZ10 (aa 1616 to 1656) or both of these
PDZ domains, respectively, by PCR methods.

Plasmids GW1-9ORF1wt, GW1-9ORF1IIIA, GW1-9ORF1IIIC, GW1-
9ORF1IIID, and GW1-18E6 contain the respective wild-type or mutant 9ORF1
(56) or wild-type 18E6 gene inserted between the HindIII and EcoRI sites of
plasmid GW1. The wild-type 18E6 cDNA was also introduced between the
HindIII and EcoRI sites of plasmid pSP64 (Promega) to make plasmid pSP64-
18E6. Substitution of 18E6 valine residue 158 with alanine (18E6-V158A) or of
threonine and valine residues 156 and 158 with aspartic acid and alanine (18E6-
T156D/V158A), as well as introduction of an HA epitope tag at the amino
termini of 18E6, HPV-11 E6 (11E6), rat DLG (33), and human ZO-1 (61)
proteins, was accomplished by PCR methods. Altered E6 and DLG cDNAs were
introduced between the HindIII and EcoRI sites of plasmid GW1 to make
plasmids GW1-HA18E6, GW1-HA18E6-V158A, GW1-HA18E6-T156D/
V158A, GW1-HA11E6, and GW1-HADLG, whereas the HAZO-1 cDNA was
inserted between the KpnI and BglII sites of plasmid GW1 to make plasmid
GW1-HAZO-1. Plasmids pcDNA3-DLG and pSP64-p53 were described previ-
ously (11, 36).

For the construction of glutathione S-transferase (GST) fusion protein expres-
sion plasmids, cDNA sequences coding for 9BP1-US9/10 (aa 179 to 251),
MUPP1-NT (aa 1 to 123), MUPP1-PDZ1–3 (aa 118 to 504), MUPP1-PDZ4-5
(aa 489 to 785), MUPP1-US5/6 (aa 780 to 990), MUPP1-PDZ6 (aa 985 to 1110),
MUPP1-PDZ7 (aa 1105 to 1312), MUPP1-PDZ8–9 (aa 1307 to 1611), MUPP1-
PDZ10 (aa 1606 to 1706), MUPP1-PDZ11 (aa 1701 to 1830), MUPP1-
PDZ12–13 (aa 1825 to 2054), 18E6-V158A, and 18E6-T156D/V158A were PCR
amplified and introduced in frame with the GST gene of plasmid pGEX-2T or
pGEX-4T-1 (Pharmacia). pGEX-2T plasmids containing wild-type or mutant
E4-ORF1 genes have been described previously (57). pGEX-2T plasmids con-
taining wild-type 18E6 and 11E6 cDNAs were kindly provided by P. Howley.

PCR amplifications were performed with pfu polymerase (Stratagene), and
plasmids were verified by restriction enzyme and limited sequence analyses.

Lambda phage cDNA library screening. A DNA fragment from the 9BP-1
cDNA (nucleotides 134 to 544) (28) was radiolabeled by the random-priming
method (51) and used to screen a mouse pancreatic cell lgt11 cDNA library,
kindly provided by S. Tsai, by standard methods (49).

Antisera and antibodies. The His6-tagged 9BP1-CT526, GST-9BP1-US9/10,
and GST-MUPP1-US5/6 fusion proteins were expressed in bacteria and purified
with either Ni-nitrilotriacetic acid agarose (Qiagen) or glutathione beads (Phar-

macia) (46), as recommended by the manufacturers. Rabbits were immunized
with purified 9BP1-CT526 or MUPP1-US5/6 fusion proteins to generate poly-
clonal antisera by standard methods (17). The purified GST-9BP1-US9/10 fusion
protein was covalently linked to Affi-Gel 10 beads (Bio-Rad) and used to affinity
purify 9BP-1 antibodies by standard methods (17). Commercially available HA
(12CA5) monoclonal antibodies (BABCO), horseradish peroxidase-conjugated
goat anti-rabbit immunoglobulin G (IgG) or goat anti-mouse IgG antibodies
(Southern Biotechnology Associates), fluorescein isothiocyanate-conjugated
goat anti-rabbit IgG (Gibco BRL), and Texas red-conjugated goat anti-mouse
IgG antibodies (Molecular Probes, Eugene, Oreg.) were utilized. p53, DLG, and
9ORF1 antisera were described previously (1, 11, 23).

Transfections and cell extracts. COS7 cells were transfected with Lipofectin or
Lipofectamine (Gibco BRL) as recommended by the manufacturer and har-
vested 48 h posttransfection. For preparation of cell extracts, cells were washed
with ice-cold phosphate-buffered saline (4.3 mM Na2HPO4, 1.4 mM KH2PO4,
137 mM NaCl, 2.7 mM KCl) and either lysed in sample buffer (0.065 M Tris-HCl
[pH 6.8], 2% [wt/vol] sodium dodecyl sulfate (SDS), 10% [vol/vol] b-mercapto-
ethanol, 0.005% bromophenol blue) and boiled immediately or lysed for 10 min
on ice in RIPA buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 1% [vol/vol]
Nonidet P-40, 0.5% [wt/vol] sodium deoxycholate, 0.1% [wt/vol] SDS) containing
protease inhibitors (300 mg of phenylmethylsulfonyl fluoride per ml, 6 mg each of
aprotinin and leupeptin per ml) and phosphatase inhibitors (50 mM NaF, 0.1
mM Na3VO4) and cleared by centrifugation (14,000 3 g for 20 min at 4°C).
Protein concentrations of cell extracts were determined by the Bradford method
(45). For crude cell fractionation assays, the pellet recovered after centrifugation
of RIPA buffer-lysed cells was solubilized in sample buffer using an equivalent
volume to that originally used to lyse the cells in RIPA buffer.

GST pulldown, immunoprecipitation, and immunoblot assays. For both GST
pulldown and immunoprecipitation assays, glutathione- or protein A-Sepharose
beads (Pharmacia) bound to GST fusion proteins or antibodies, respectively,
were incubated with cell extracts in RIPA buffer (3 h at 4°C), washed extensively
with RIPA buffer, and boiled in sample buffer. Recovered proteins were sepa-
rated by SDS-polyacrylamide gel electrophoresis (PAGE). For each GST pull-
down reaction, 5 mg of each GST fusion protein was used and verified in each
experiment by staining relevant portions of the protein gel with Coomassie
brilliant blue dye. Each immunoprecipitation reaction was carried out with 1 or
12 mg of p53 or HA antibodies, respectively, 1 ml of DLG antiserum, or 5 ml of
either 9ORF1, 9BP-1, or MUPP1 antiserum or the corresponding matched
preimmune serum.

For immunoblot assays, proteins separated by SDS-PAGE were electrotrans-
ferred to a polyvinylidene difluoride membrane, which was incubated for 1 h with
blocking buffer, consisting of TBST (50 mM Tris-HCl [pH 7.5], 200 mM NaCl,
0.2% [vol/vol] Tween 20) containing 5% nonfat dry milk, for 2 h with the
appropriate primary antiserum or antibody (1:5,000 dilution of either 9ORF1,
9BP-1, or MUPP1 antiserum or 1.2 mg of HA antibodies per ml), and then for
1 h with horseradish peroxidase-conjugated goat anti-rabbit IgG or goat anti-
mouse IgG secondary antibodies (1:5,000). Antibodies were diluted in TBST
containing 0.5% nonfat dry milk, and incubations were performed at room
temperature. After extensive washes in TBST buffer, the membranes were de-
veloped by enhanced chemiluminescence methods (Pierce).

Protein-blotting assays. Protein-blotting assays and preparation of 32P-radio-
labeled 9ORF1 fusion protein probes were performed as described previously
(57). Briefly, MUPP1 fusion proteins were separated by SDS-PAGE and elec-
trotransferred to a polyvinylidene difluoride membrane. The membranes were
incubated with blocking buffer and then for 12 h at 4°C with the 32P-labeled
GST-9ORF1 protein probe (5 3 105 cpm/ml) in TBST, washed extensively with
RIPA buffer, and developed by autoradiography.

In vitro translation and degradation assays. pcDNA3-DLG, pSP64-p53,
pSL301-MUPP1, or pSP64-18E6 was transcribed and translated in vitro using the
TNT-coupled rabbit reticulocyte system (Promega) and 10 mCi of [35S]cysteine
(1,000 Ci/mmol) (Amersham), as specified by Promega. In vitro degradation
assays were performed as described previously (11). Briefly, the specified in vitro
translation reaction mixtures were mixed and incubated at 30°C for the indicated
times and proteins were immunoprecipitated, separated by SDS-PAGE, and
detected by autoradiography.

Pulse-chase labeling of cell proteins. Transfected COS7 cells were preincu-
bated for 30 min in culture medium lacking methionine and cysteine, metabol-
ically labeled for 10 min with 0.4 mCi of EXPRE35S35S [35S]protein-labeling mix
(New England Nuclear) in 1.5 ml of culture medium lacking methionine and
cysteine, and chased with culture medium containing excess unlabeled methio-
nine (15 mg/liter) (2). At various times postchase, cells were harvested and lysed
in RIPA buffer and cell proteins were immunoprecipitated with HA antibodies,
separated by SDS-PAGE, and developed by autoradiography. The amount of
radioactivity present within each protein band of interest was quantified using a
Storm Molecular Dynamics PhosphorImager.

IF microscopy. Indirect-immunofluorescence (IF) microscopy assays were per-
formed by standard methods (17). Cells were grown on glass coverslips, fixed in
methanol for 20 min at 220°C, blocked with IF buffer (TBS [50 mM Tris-HCl,
pH 7.5, 200 mM NaCl] containing 10% goat serum), and reacted first with either
preimmune serum or MUPP1 antiserum (1:500) and then with fluorescein iso-
thiocyanate-conjugated goat anti-rabbit IgG secondary antibodies (1:250) (Gibco
BRL). For double-labeling IF experiments, cells on coverslips were incubated
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with both MUPP1 antiserum (1:500) and HA monoclonal antibodies (66 mg/ml)
and then with both fluorescein isothiocyanate-conjugated goat anti-rabbit IgG
(1:250) (Gibco BRL) and Texas red-conjugated goat anti-mouse IgG secondary
antibodies (1:300) (Molecular Probes). All antibodies were diluted in IF buffer,
and incubations were performed at 37°C. Coverslips with attached cells were
rinsed briefly in a 0.5 mg of 49,6-diamidino-2-phenylindole (DAPI) solution per
ml to stain nuclei and affixed to slides with mounting medium (VectorShield).
Images were collected with a Zeiss Axiophot fluorescence microscope and dig-
itally processed using Adobe PhotoShop software.

Sequence alignment. Pairwise sequence alignments were performed using the
Align algorithm of the BCM Search Launcher web browser (http://dot.imgen.b-
cm.tmc.edu:9331/seq-search/alignment.html). Mouse, rat, and human MUPP1
sequences (accession numbers AJ131869, AJ001320, and AJ001319, respectively)
were obtained from GenBank.

RESULTS

9BP-1 and 9ORF1-associated protein p220 have similar
characteristics. By screening lgt11 cDNA expression libraries
with a 9ORF1 protein probe, we previously isolated a partial
cDNA coding for the carboxyl-terminal 526 aa of the novel
mouse multi-PDZ domain protein 9BP-1 (28). Subsequent re-
screening of the same lgt11 library with a 9BP-1 DNA probe
led to the isolation of a cDNA coding for a larger partial
carboxyl-terminal 688-aa 9BP-1 polypeptide that contains five
PDZ homology domains (Fig. 1A).

To assess initially whether 9BP-1 may represent one of the

FIG. 1. The partial mouse protein 9BP-1 represents the carboxyl terminus of the mouse multi-PDZ protein MUPP1. (A) PDZ domain organizations of the partial
mouse protein 9BP-1 (688 aa) and the mouse multi-PDZ domain protein MUPP1 (2,055 aa). Note that the domain organization of 9BP-1 is identical to that of the
carboxyl-terminal region of MUPP1. The unique protein region used to generate MUPP1 antisera is indicated. (B) The partial mouse protein 9BP-1 exhibits 99% amino
acid sequence identity to the carboxyl-terminal region of the mouse MUPP1 protein (aa 1368 to 2055). Highlighted sequences denote PDZ homology domains.
Sequence alignment was performed using the Align Global Sequence Alignment algorithm from the Baylor College of Medicine Search Launcher Web site.
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unidentified 9ORF1-associated cellular proteins (p220, p180,
p160, or p155), we raised polyclonal antisera to the carboxyl-
terminal 526 aa of this partial polypeptide (28). By immuno-
blot analysis, two independent 9BP-1 antisera specifically rec-
ognized an approximately 250-kDa protein which, in cell lines
derived from various species, exhibited slightly different gel
mobilities (Fig. 2A and data not shown). The latter observation
presumably reflects species-specific differences for this
polypeptide. More important, 9BP-1 was found to be com-
plexed with 9ORF1 in lysates of 9ORF1-expressing cells (see
below; data not shown). Additionally, comparison of the gel
mobility of 9BP-1 with that of each 9ORF1-associated protein
showed that 9BP-1 and 9ORF1-associated protein p220 comi-
grate and exhibit identical species-specific gel mobilities (Fig.
2A), suggesting that these proteins are the same.

9BP-1 is the multi-PDZ domain protein MUPP1. From
BLAST searches of protein sequence databases, we subse-
quently found that the partial mouse 9BP-1 polypeptide exhib-
its 99% amino acid sequence identity to the carboxyl-terminal
region of the 2,055-aa mouse multi-PDZ domain protein
MUPP1 (Fig. 1), as well as 94 or 82% amino acid sequence
identity to the carboxyl-terminal region of rat MUPP1 (2,054

aa) or human MUPP1 (2,042 aa), respectively (data not
shown). MUPP1 is a widely expressed polypeptide, containing
13 PDZ domains and no other recognizable protein motifs,
and was isolated by virtue of its ability to bind the cytoplasmic
domain of the 5-HT2C serotonin receptor in yeast two-hybrid
screens (55).

To confirm that 9BP-1 and MUPP1 are indeed the same
polypeptide, we generated polyclonal antisera to a unique
210-aa rat MUPP1 region that lies between PDZ5 and PDZ6
and that lacks sequence similarity to other known proteins
(Fig. 1A). As with the 9BP-1 antisera, these MUPP1 antisera
specifically recognized an approximately 250-kDa cellular pro-
tein in cell lysates (data not shown) and, in addition, cross-
reacted with 9BP-1 protein immunoprecipitated from human,
rat, and mouse cell lines (Fig. 2B).

9ORF1 binds MUPP1. We utilized GST pulldown assays to
show that the wild-type 9ORF1 protein can bind to MUPP1. In
these assays, we found that the GST-9ORF1 fusion protein
bound both to HA epitope-tagged rat MUPP1 (HAMUPP1)

FIG. 2. 9ORF1-associated protein p220 displays similar properties to both
9BP-1 and MUPP1. (A) 9BP-1 and 9ORF1-associated protein p220 comigrate
and exhibit identical species-specific gel mobilities. Proteins from RIPA buffer-
lysed mouse NIH 3T3, rat CREF, human 293, and human TE85 cell lines were
either immunoblotted with 9BP-1 antiserum (left) or first subjected to a GST
pulldown assay with the indicated fusion protein and then blotted with a radio-
labeled 9ORF1 protein probe (right). For the experiment shown in the left or
right panel, 100 or 2.5 mg of cell proteins was used, respectively, and the protein
gels were run in parallel. Asterisks indicate 9ORF1-associated protein p220. (B)
MUPP1 antiserum cross-reacts with 9BP-1 protein derived from several different
species. Cell proteins (2.5 mg) in RIPA buffer from the indicated cell lines were
first immunoprecipitated (IP) with either 9BP-1 antiserum (a-9BP-1) or the
matched preimmune serum (pre) and then immunoblotted with MUPP1 anti-
serum. Also note that the 9BP-1 protein detected in panel A (left) and the
MUPP1 protein detected here exhibited identical species-specific gel mobilities.

FIG. 3. 9ORF1 binds MUPP1 in vitro. GST-9ORF1 binds HA epitope-
tagged rat MUPP1 protein (HAMUPP1) expressed in COS7 cells. Cells were
lipofected with 4 mg of either empty GW1 plasmid (vector) or GW1-HAMUPP1
plasmid, and cell proteins in RIPA buffer were either immunoblotted with HA
antibodies (left) or first subjected to a GST pulldown assay with the indicated
wild-type or mutant E4-ORF1 fusion protein (Table 1) and then immunoblotted
with HA antibodies (right). COS7 cell proteins at 100 mg or 1 mg were used in
the experiment shown in the left and right panels, respectively.

TABLE 1. Carboxyl-terminal amino acid sequences of human Ad
E4-ORF1 and HPV E6 proteinsa

Proteinb

Carboxyl-terminal amino acid sequence with
respect to the consensus type I PDZ

domain-binding motifc:

X (S/T) X (V/I/L)-COOH

wt 9ORF1 A T L V
IIIA 9ORF1 A P
IIIC 9ORF1 D T L V
IIID 9ORF1 A T P V
wt 5ORF1 A S N V
wt 12ORF1 A S L I
wt 18E6 E T Q V
18E6-V158A E T Q A
18E6-T156D/V158A E D Q A
wt 11E6 D L L P

a The sequence of the last 4 aa at the carboxyl terminus of E4-ORF1 proteins
from Ad9 (9ORF1), Ad5 (5ORF1), and Ad12 (12ORF1) and the HPV-18 E6
(18E6) protein define a consensus type I PDZ domain-binding motif, whereas
the HPV-11 E6 (11E6) protein lacks such a motif. Also shown are 9ORF1 and
18E6 mutant proteins having altered or disrupted PDZ domain-binding motifs.

b wt, wild type.
c Substitution mutations are depicted as bold amino acid residues.
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transiently expressed in COS7 cells (Fig. 3) and to endogenous
MUPP1 from CREF rat embryo fibroblasts (data not shown),
as did GST fusion proteins of the related wild-type Ad5 and
Ad12 E4-ORF1 transforming proteins (GST-5ORF1 and
GST-12ORF1, respectively) (58). To assess whether these
binding results with 9ORF1 were specific, we also examined in
these same assays three different transformation-defective
9ORF1 mutant proteins having disrupted (mutant IIIA) or
altered (mutants IIIC and IIID) carboxyl-terminal PDZ do-
main-binding motifs (Table 1) (28, 56). With respect to the
residues mutated in 9ORF1 mutants IIIC and IIID, such se-
quences surrounding the conserved residues of type I PDZ
domain-binding motifs are known to influence the binding to
some PDZ domains (48). In GST pulldown assays with the
three 9ORF1 mutant proteins, we found that only mutant IIID
was able to bind to MUPP1, albeit at substantially reduced

levels compared to that of wild-type 9ORF1 (Fig. 3). This
binding profile of MUPP1 to these 9ORF1 mutants is distinct
from that of DLG (28) and, as expected, is identical to that
previously observed for 9ORF1-associated protein p220 (57).

The physical association between 9ORF1 and MUPP1 in
cells was examined by performing coimmunoprecipitation as-
says. From lysates of COS7 cells transiently expressing
HAMUPP1 and either wild-type or mutant 9ORF1 protein, we
found that MUPP1 coimmunoprecipitated with wild-type
9ORF1 and with mutant IIID 9ORF1 at reduced levels but
failed to coimmunoprecipitate with either mutant IIIA or IIIC
9ORF1 (Fig. 4A). Identical results were obtained for endoge-
nous MUPP1 from CREF cell lines stably expressing compa-

rable levels of wild-type or mutant 9ORF1 protein (Fig. 4B).
These findings with COS7 and CREF cells were fully concor-
dant with the GST pulldown assay results (Fig. 3). It was also
noteworthy that MUPP1 similarly coimmunoprecipitated with
wild-type 9ORF1 from lysates of an Ad9-induced rat mam-
mary tumor cell line (Fig. 4C). Taken together, the results of
GST pulldown and coimmunoprecipitation assays demon-
strated that 9ORF1 utilizes its PDZ domain-binding motif to
mediate a specific interaction with the multi-PDZ domain pro-
tein MUPP1 in cells.

9ORF1 binds selectively to MUPP1 PDZ7 and PDZ10. To
reveal which of the 13 MUPP1 PDZ domains interacted with
9ORF1, we constructed a panel of fusion proteins containing
10 different, nonoverlapping MUPP1 protein fragments (Fig.
5A), which collectively represented the entire full-length
MUPP1 polypeptide. A similar quantity of each MUPP1 fusion

FIG. 4. 9ORF1 complexes with MUPP1 in cells. (A) 9ORF1 complexes with HA epitope-tagged rat MUPP1 protein (HAMUPP1) expressed in COS7 cells. Cells
were lipofected with 6 mg of GW1-HAMUPP1 plasmid and 2 mg of either empty GW1 plasmid (vector) or a GW1 plasmid expressing wild-type or the indicated mutant
9ORF1 protein. Cell proteins in RIPA buffer were either immunoblotted with HA antibodies or 9ORF1 antiserum (left) or first immunoprecipitated (IP) with 9ORF1
antiserum (a-9ORF1) and then immunoblotted with HA antibodies or 9ORF1 antiserum (right). Cell proteins at 100 or 800 mg were used in the experiment shown
in the left and right panels, respectively. (B) 9ORF1 complexes with endogenous MUPP1 of CREF cells. Cell proteins in RIPA buffer were either immunoblotted with
MUPP1 or 9ORF1 antiserum (top) or first immunoprecipitated (IP) with 9ORF1 antiserum or the matched preimmune serum (pre) (bottom left) or, alternatively, with
either MUPP1 antiserum (a-MUPP1) or the matched preimmune serum (pre) (bottom right) and then immunoblotted with either MUPP1 or 9ORF1 antiserum. CREF
cell proteins at 100 mg, 3 mg, and 3 mg were used in the experiments in the top, bottom left, and bottom right panels, respectively. (C) 9ORF1 complexes with MUPP1
in the Ad9-induced rat mammary tumor cell line 20-8. This tumor cell line contains a single integrated copy of the entire Ad9 genome (unpublished results). Cell
proteins (3 mg) in RIPA buffer were first immunoprecipitated (IP) with either 9BP-1 antiserum (a-9BP-1) or the matched preimmune serum and then immunoblotted
with either 9ORF1 or 9BP-1 antiserum.
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protein was immobilized on a membrane (data not shown) and
blotted with a radiolabeled 9ORF1 protein probe. In these
experiments, 9ORF1 bound to MUPP1 PDZ7 and PDZ10 but
not to any other region of this cellular protein (Fig. 5B). A
functional 9ORF1 PDZ domain-binding motif was required
for these interactions, since a mutant GST-IIIA 9ORF1 pro-
tein probe failed to react with any of the MUPP1 fusion pro-
teins in similar assays (data not shown).

To relate the in vitro binding results to the formation of
9ORF1-MUPP1 protein complexes in cells, we constructed
MUPP1 deletion mutants lacking PDZ7 (HAMUPP1DPDZ7),
PDZ10 (HAMUPP1DPDZ10), or both domains (HAMUPP1-
DPDZ7/10) and tested these MUPP1 mutants for their ability
to coimmunoprecipitate with 9ORF1 from COS7 cell lysates.
The results showed that HAMUPP1DPDZ7 coimmunoprecipi-
tated with 9ORF1 at wild-type levels and that HAMUPP1-
DPDZ10 coimmunoprecipitated with 9ORF1 at slightly reduced
levels but that HAMUPP1DPDZ7/10 failed to coimmunopre-
cipitate with 9ORF1 in these assays (Fig. 5C). These findings
corroborated our in vitro binding results in showing that,
among the 13 MUPP1 PDZ domains, only PDZ7 and PDZ10
are capable of mediating the binding of MUPP1 to 9ORF1 in
vivo.

9ORF1 aberrantly sequesters MUPP1 within punctate bod-
ies in the cytoplasm of cells. Using IF microscopy assays, we
sought to ascertain the subcellular distribution of MUPP1 in

normal CREF cells, as well as in CREF cell lines stably ex-
pressing wild-type or mutant 9ORF1 protein. In normal CREF
cells, MUPP1 displayed mostly diffuse and somewhat perinu-
clear staining in the cytoplasm, although some MUPP1 protein
was also detected at discrete points of cell-cell contact (Fig.
6A). The latter finding is consistent with the observation that
PDZ proteins frequently localize to membranes at specialized
regions of cell-cell contact in epithelial cells (8). Because
9ORF1 exists primarily within punctate bodies in the cyto-
plasm of cells (59), we reasoned that the subcellular localiza-
tion of MUPP1 may be perturbed in 9ORF1-expressing CREF
cells. Significantly, in contrast to results obtained with normal
CREF cells, MUPP1 was found to be sequestered within punc-
tate bodies in the cytoplasm of more than 95% of CREF cells
expressing wild-type 9ORF1 (Fig. 6A), similar to the staining
pattern observed for 9ORF1 (59). Using a CREF cell line stably
expressing an HA epitope-tagged 9ORF1 protein, we were
able to demonstrate that 9ORF1 and MUPP1 colocalize within
these cytoplasmic bodies (Fig. 6B).

Additional IF assay results indicated that the cytoplasmic
sequestration of MUPP1 by 9ORF1 depended on an ability of
9ORF1 to complex with this cellular PDZ protein. Specifically,
CREF cell lines expressing 9ORF1 mutants IIIA and IIIC,
which fail to bind MUPP1, showed a MUPP1 staining pattern
similar to that seen in normal CREF cells. Moreover, the
CREF cell line expressing 9ORF1 mutant IIID, which exhibits

FIG. 5. MUPP1 PDZ7 and PDZ10 mediate binding to 9ORF1. (A) Illustration of the full-length MUPP1 polypeptide and 10 different MUPP1 GST fusion protein
constructs used in protein blotting assays. (B) 9ORF1 binds MUPP1 PDZ7 and PDZ10 in vitro. Approximately 1 mg of each indicated MUPP1 GST fusion protein
was immobilized on a membrane and protein blotted with a radiolabeled 9ORF1 protein probe. As a control, the membrane was stained with Coomassie brilliant blue
dye to verify that an equivalent amount of each fusion protein was used in the experiment (data not shown). (C) A MUPP1 deletion mutant lacking both PDZ7 and
PDZ10 fails to complex with 9ORF1 in COS7 cells. Cells were lipofected with 6 mg of a GW1 plasmid expressing wild-type or the indicated deletion mutant MUPP1
protein together with 2 mg of either empty GW1 plasmid (vector) or the GW1-9ORF1wt plasmid. Cell proteins in RIPA buffer were either immunoblotted with HA
antibodies (top) or first immunoprecipitated (IP) with 9ORF1 antiserum (a-9ORF1) and then immunoblotted with HA antibodies or 9ORF1 antiserum (bottom). Cell
proteins at 50 and 750 mg were used in the experiments in the top and bottom panels, respectively.
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weak binding to MUPP1, showed some cytoplasmic punctate
staining for MUPP1, although substantially less than that ob-
served in the CREF cell line expressing wild-type 9ORF1 (Fig.
6A). It is worth mentioning that, similar to the wild-type

9ORF1 protein, these three 9ORF1 mutant proteins also dis-
play punctate staining in the cytoplasm of CREF cells (56).

To corroborate the IF assay results, we performed crude cell
fractionation experiments with the same CREF cell lines. Fol-

FIG. 6. 9ORF1 aberrantly sequesters MUPP1 within punctate bodies in the cytoplasm of cells. (A) Determination of the subcellular localization of MUPP1 in
normal CREF cells (CREF) or CREF cell lines stably expressing wild-type (CREF-9ORF1) or the indicated mutant 9ORF1 protein (CREF-IIIA, CREF-IIIC, and
CREF-IIID). IF microscopy assays were performed with either MUPP1 antiserum (a-MUPP1) or the matched preimmune serum (pre). Although all of the CREF cell
lines expressed similar amounts of MUPP1 protein (see Fig. 7A), the MUPP1 staining for CREF-9ORF1 cells appeared brighter than that for the other CREF lines.
This effect probably resulted from the large amounts of MUPP1 protein concentrated within the cytoplasmic punctate bodies. Discontinuous cell-cell contact staining
for MUPP1 was most evident in normal CREF cells, and CREF-IIIA and CREF-IIIC lines, all of which exhibited similar MUPP1 staining patterns. As an example
of this cell-cell contact staining, two adjacent CREF-IIIC cells within the delimited rectangular region are shown offset at higher magnification. (B) 9ORF1 and MUPP1
colocalize within punctate bodies in the cytoplasm of CREF cells. Double-labeling IF microscopy assays using both MUPP1 antiserum and HA antibodies (a-HA) were
performed with CREF cells stably expressing HA epitope-tagged 9ORF1 protein (CREF-HA9ORF1). Each of the three panels shows the identical field containing the
same three cells. The top left and top right panels show the MUPP1 and 9ORF1 staining patterns, respectively, whereas the bottom panel shows the merged images.
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lowing direct lysis in 2% SDS, each cell line was found to
express comparable levels of both MUPP1 and 9ORF1 pro-
teins (Fig. 7A). CREF cell lysates were also prepared in RIPA
buffer and separated by centrifugation into a RIPA buffer-
soluble supernatant fraction and a RIPA buffer-insoluble pel-
let fraction. Immunoblot analyses of these two fractions with
MUPP1 antiserum revealed that wild-type-9ORF1-expressing
CREF cells contain substantially less RIPA buffer-soluble
MUPP1 protein and concomitantly more RIPA buffer-insolu-
ble MUPP1 protein than do normal CREF cells (Fig. 7B). The
fact that the portion of MUPP1 protein retained in the RIPA
buffer-soluble fraction of the wild-type-9ORF1-expressing cells
could be depleted by quantitative immunoprecipitation of
9ORF1 (Fig. 7C) indicated that the vast majority of MUPP1
protein in these cells is complexed with 9ORF1.

The redistribution of MUPP1 into the RIPA buffer-insolu-
ble fraction of wild-type-9ORF1-expressing CREF cells was
also related to the ability of 9ORF1 to bind this cellular pro-
tein, because mutant IIIA and IIIC 9ORF1 largely failed to
aberrantly redistribute MUPP1 in CREF cells whereas mutant
IIID 9ORF1 retained a reduced capacity to induce this effect
(Fig. 7B). These differences are not likely to be due to the
smaller amounts of RIPA buffer-insoluble mutant IIIA and
IIIC 9ORF1 proteins present in these CREF cells (Fig. 7B),
since transiently transfected 293 cells contained equivalent
amounts of RIPA buffer-insoluble wild-type and mutant
9ORF1 proteins but still yielded a pattern of MUPP1 redistri-

bution similar to that of the CREF cell lines (Fig. 7D). That
9ORF1 redistributed MUPP1 into the RIPA buffer-insoluble
fraction of 293 cells more effectively than it did in CREF cells
may be due to the higher protein levels attained for 9ORF1
and MUPP1 in transient transfections of the 293 cells. To-
gether, the results of IF and crude cell fractionation assays
argued that 9ORF1 aberrantly sequesters MUPP1 within
RIPA buffer-insoluble complexes in the cytoplasm of cells.

The high-risk 18E6 oncoprotein binds MUPP1 and targets
this cellular protein for degradation in cells. Because, like
9ORF1, high-risk HPV E6 oncoproteins possess a functional
PDZ domain-binding motif and complex with DLG (27, 29),
we next explored the possibility that such HPV E6 proteins
likewise bind to MUPP1. In GST pulldown assays, the wild-
type high-risk 18E6 protein associated both with HAMUPP1
protein expressed in COS7 cells (Fig. 8) and with endogenous
MUPP1 from CREF cells (data not shown). This binding was
specific and dependent on a functional PDZ domain-binding
motif because in these assays the 18E6-V158A and 18E6-
T156D/V158A mutant proteins, which have disrupted PDZ-
domain binding motifs (Table 1), failed to complex with
MUPP1 (Fig. 8 and data not shown), as did the wild-type
low-risk HPV-11 E6 (11E6) protein, which lacks a PDZ do-
main-binding motif (Table 1). It is notable that HPV-16 E6
mutants having functionally disrupted PDZ domain-binding
motifs, like those of 18E6-V158A and 18E6-T156D/V158A,

FIG. 6—Continued.
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are no longer able to oncogenically transform rodent fibro-
blasts (26).

The fact that high-risk HPV E6 oncoproteins promote the
degradation of several cellular factors (10, 15, 53), including
the tumor suppressor protein p53 (42) and DLG (11),
prompted us to test whether 18E6 has similar effects on
MUPP1. Incubation of in vitro-translated high-risk HPV E6
proteins with p53 leads to degradation of this cellular factor
(42), and so we first examined MUPP1 in similar assays. Al-
though 18E6-induced degradation of both p53 and DLG was
more efficient, a modest reduction in MUPP1 protein levels
was reproducibly observed following a 3-h incubation with

18E6 (Fig. 9). This effect was also consistently greater than that
observed in control water-primed in vitro translation reactions.

Whether 18E6 may target MUPP1 for degradation in cells
was examined by expressing HAMUPP1 alone or together with
18E6 in COS7 cells. We found that in these assays, compared
to cells expressing MUPP1 alone, cells coexpressing MUPP1
and 18E6 showed substantially lower steady-state levels of
MUPP1 protein (Fig. 10A). It is important to mention that this
effect is distinct from that seen in the RIPA buffer-soluble
fraction of 9ORF1-expressing cells (Fig. 7B and D), since
MUPP1 was not sequestered within the RIPA buffer-insoluble
fraction of 18E6-expressing cells (data not shown). To produce

FIG. 7. 9ORF1 aberrantly redistributes MUPP1 into the RIPA buffer-insoluble fraction of cells. (A) Similar amounts of MUPP1 and 9ORF1 proteins within CREF
cell lines stably expressing wild-type and mutant 9ORF1 proteins. Cell proteins (100 mg) extracted with sample buffer were immunoblotted with MUPP1 antiserum or
9ORF1 antiserum. (B) Wild-type 9ORF1 specifically redistributes MUPP1 into the RIPA buffer-insoluble fraction of CREF cells. Cells from the indicated CREF lines
were lysed in RIPA buffer and centrifuged to yield a RIPA buffer-soluble supernatant fraction and a RIPA buffer-insoluble pellet fraction (see Materials and Methods).
Cell proteins from an equivalent volume of either the soluble or insoluble fraction were immunoblotted with MUPP1 or 9ORF1 antiserum. (C) Most MUPP1 protein
is complexed with 9ORF1 in 9ORF1-expressing CREF cells. Cell proteins (3 mg) in the RIPA buffer-soluble fraction of normal CREF cells or wild-type 9ORF1-
expressing CREF cells were subjected to five serial immunoprecipitations with 9ORF1 antiserum. Relative amounts of MUPP1 and 9ORF1 protein remaining in this
fraction (100 mg of protein) “before” and “after” performing the serial immunoprecipitations were determined by immunoblot analysis. (D) Wild-type 9ORF1 also
specifically redistributes HA epitope-tagged rat MUPP1 (HAMUPP1) into the RIPA buffer-insoluble fraction of 293 cells. Cells were lipofected with 1 mg of
GW1-HAMUPP1 plasmid and 3 mg of either empty GW1 plasmid (vector) or a GW1 plasmid expressing wild-type or the indicated mutant 9ORF1 protein. Cell
fractionation assays were performed as described for panel B, except that cell proteins were immunoblotted with HA antibodies or 9ORF1 antiserum.
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this effect, 18E6 required a functional PDZ domain-binding
motif because mutants 18E6-V158A and 18E6-T156D/V158A,
as well as wild-type 11E6, failed to reduce MUPP1 protein
levels in COS7 cells. Additionally, only specific cellular PDZ
proteins were affected by 18E6, since 18E6 neither bound the
DLG-related PDZ-protein ZO-1 (Fig. 10B) (61) nor reduced
its protein levels in these cells (Fig. 10C).

To verify that the 18E6-mediated reduction in MUPP1
steady-state protein levels was due to decreased stability of this

cellular protein in cells, we performed pulse-chase experiments
with COS7 cells either expressing HAMUPP1 alone or coex-
pressing HAMUPP1 and 18E6. The results showed that
MUPP1 protein levels modestly declined after a 6-h chase
period in the absence of 18E6 whereas they were more exten-
sively reduced after only a 3-h chase period in the presence of
18E6 (Fig. 11). By quantifying the amounts of radioactivity
present in MUPP1 protein bands at each time point, we esti-
mated that the half-life of the MUPP1 protein was shortened
from 5.7 h in control COS7 cells to 1.3 h in 18E6-expressing
COS7 cells. This greater than fourfold decrease in the half-life
of the MUPP1 protein argues that 18E6 targets this cellular
factor for degradation in cells.

DISCUSSION

The results presented in this paper demonstrate that the
widely expressed multi-PDZ protein MUPP1 is a direct cellu-
lar target for the Ad9 E4-ORF1 oncoprotein (9ORF1), as well
as for the related E4-ORF1 transforming proteins derived
from Ad5 and Ad12 (5ORF1 and 12ORF1, respectively) (Fig.
3). We also showed that interactions between 9ORF1 and
MUPP1 are mediated by the carboxyl-terminal PDZ domain-
binding motif of 9ORF1 and the PDZ7 and PDZ10 domains of
MUPP1 (Fig. 3 to 5). Since 5ORF1 and 12ORF1 also possess
carboxyl-terminal PDZ domain-binding motifs, these viral pro-
teins probably complex with MUPP1 in a similar fashion. More
important, the fact that transformation-defective 9ORF1 mu-
tants with altered PDZ domain-binding motifs either fail or
have reduced capacities to complex with MUPP1 in cells ar-
gues that binding of 9ORF1 to MUPP1 is critical for 9ORF1-

FIG. 8. 18E6 binds MUPP1 in vitro. GST-18E6 binds HA epitope-tagged rat
MUPP1 (HAMUPP1) exogenously expressed in COS7 cells. Cells were lipo-
fected with 8 mg of GW1-HAMUPP1 plasmid, and cell proteins (250 mg) in
RIPA buffer were first subjected to a GST pulldown assay with the indicated
fusion protein and then immunoblotted with HA antibodies.

FIG. 9. 18E6 promotes the degradation of the MUPP1 protein in vitro. In vitro-translated MUPP1, DLG, or p53 protein was incubated for the indicated times with
a 5- to 10-fold molar excess of in vitro-translated 18E6 protein (1) or with an equivalent volume of a water-primed in vitro translation reaction mixture (2). Proteins
from each reaction were subjected to immunoprecipitation with MUPP1, DLG, or p53 antibodies, respectively, and detected by autoradiography.
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induced transformation (Fig. 3 and 4). Our finding that 9ORF1
associates with MUPP1 in an Ad9-induced mammary tumor
cell line (Fig. 4C) further suggests that this interaction also
contributes to Ad9-induced mammary tumorigenesis in rats.
With the findings presented in this paper, 9ORF1 has now
been shown to complex with two different cellular PDZ pro-
teins, MUPP1 and DLG (28). Since the weakly transforming
9ORF1 mutants IIIC and IIID bind only one of these two PDZ
proteins whereas the completely transformation-defective
9ORF1 mutant IIIA fails to bind either PDZ protein, we be-
lieve that interaction of 9ORF1 with both MUPP1 and DLG is
important for full 9ORF1 transforming activity.

It is also worth noting that we have failed to detect any
binding of 9ORF1 to several other cellular PDZ proteins (B.
Glaunsinger and R. Javier, unpublished results), suggesting

that 9ORF1 interacts with only a select group of these cellular
factors. We hypothesize that such selective binding of 9ORF1
is achieved through sequences surrounding its PDZ domain-
binding motif. In this model, specific amino acid residues ad-
jacent to the 9ORF1 PDZ domain-binding motif would play
differential roles in mediating the binding to each 9ORF1-
associated PDZ protein. Consistent with this idea, 9ORF1
mutant IIIC retains wild-type binding to DLG (28) but fails to
bind MUPP1 and, conversely, 9ORF1 mutant IIID fails to bind
DLG (28) but retains an ability to bind MUPP1 (Table 1 and
Fig. 3 and 4).

The domain structure of MUPP1 suggests that this cellular
factor functions as an adapter protein in signal transduction
(55). Moreover, having the largest number of PDZ domains
(i.e., 13) yet reported in a polypeptide, MUPP1 has the capac-

FIG. 10. 18E6 reduces the steady-state levels of MUPP1 protein in cells. (A) 18E6 reduces the steady-state levels of HA epitope-tagged rat MUPP1 (HAMUPP1)
protein expressed in COS7 cells. Cells were lipofected with 1 mg of GW1-HAMUPP1 plasmid and 4 mg of either empty GW1 plasmid (vector) or a GW1 plasmid
expressing HA epitope-tagged wild-type or the indicated mutant 18E6 protein or expressing HA epitope-tagged wild-type 11E6 protein. Cell proteins (30 mg) in RIPA
buffer were immunoblotted with HA antibodies. (B) 18E6 does not bind HA epitope-tagged PDZ-protein ZO-1 (HAZO-1). Cells were lipofected with 3 mg of either
empty GW1 plasmid (vector), GW1-HADLG plasmid, or GW1-HAZO-1 plasmid, and cell proteins in RIPA buffer were either immunoblotted with HA antibodies
(left) or first subjected to a GST pulldown assay with the indicated fusion protein and then immunoblotted with HA antibodies (right). COS7 cell proteins at 10 and
75 mg were used in the experiments in the left and right panels, respectively. HADLG was included as a positive control in these binding assays (28). (C) 18E6 does
not reduce HAZO-1 protein levels in COS7 cells. COS7 cells were lipofected with 0.01 mg of GW1-HAZO-1 plasmid and 4 mg of either empty GW1 plasmid (vector)
or a GW1 plasmid expressing HA epitope-tagged wild-type or the indicated mutant 18E6 protein. Cell proteins (30 mg) in RIPA buffer were immunoblotted with HA
antibodies.
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ity to assemble a large array of cellular targets into a multitude
of different signaling complexes. As further support for a pre-
sumed role in cell signaling, MUPP1 was isolated in yeast
two-hybrid screens for its ability to interact with the cytoplas-
mic carboxyl-terminal domain of the 5-HT2C serotonin recep-
tor (55), which, in the central nervous system, is implicated in
a variety sensory, motor, and behavioral processes (18). The
putative interaction between the 5-HT2C receptor and MUPP1
in cells is suspected to involve a type I PDZ domain-binding
motif at the extreme carboxyl terminus of the 5-HT2C receptor
and at least one MUPP1 PDZ domain (55). The fact that
overexpression of the 5-HT2C receptor has been shown to
confer a transformed state on 3T3 fibroblasts (60) also suggests
a possible link between MUPP1 and signaling pathways in-
volved in regulating cellular proliferation.

We found that most of the MUPP1 protein in CREF fibro-
blasts is present within the cytoplasm, although some MUPP1
protein is also detected at discrete regions of cell-cell contact
(Fig. 6). Consistent with the notion that MUPP1 functions in
signal transduction, PDZ proteins that play known roles in cell
signaling also localize to membranes at regions of cell-cell
contact in epithelial cells (8) and, in some cases, within the
cytoplasm (62, 64). With respect to how MUPP1 may function
in cells, studies with the Drosophila MUPP1-related multi-
PDZ protein InaD are likely to provide the most useful para-
digm. The polypeptide InaD, consisting of five PDZ domains,
functions to regulate the rhodopsin light-activated signaling
pathway in retinal neurons. Each of the InaD PDZ domains
mediates binding to a different signaling protein, including the
calcium channel TRP, phospholipase C-b, and protein kinase
C. InaD serves to organize these cellular targets into large
signaling complexes and localize them to specialized cell mem-
branes, and, in so doing, it allows rapid and efficient activation
and deactivation of the light response (54). Although the PDZ
protein-regulated signaling pathways perturbed by 9ORF1 in
cells have yet to be identified, we previously showed that two
prominent transformed properties of 9ORF1-expressing
CREF cells in culture are anchorage-independent growth and
an ability to grow to high saturation densities (59). Since pro-
liferation of normal cells is inhibited by either detachment
from a substrate matrix or formation of extensive cell-cell
contacts (12, 16), one intriguing possibility is that 9ORF1 in-
terferes with the ability of MUPP1 to regulate cell growth-
controlling signaling cascades that emanate from these impor-
tant plasma membrane contact points.

Of the 13 MUPP1 PDZ domains, 9ORF1 specifically targets
only 2, namely, PDZ7 and PDZ10 (Fig. 5). This selective in-
teraction may serve to block MUPP1 from associating with
cellular targets of these particular domains or, alternatively, to

bring 9ORF1 into close proximity with other MUPP1 cellular
targets in order to modify their activities. A recently discovered
activity for some PDZ proteins is the ability to direct their
cellular targets to the proper location within cells (4, 24, 39,
54). One notable example comes from studies of vulval devel-
opment in Caenorhabditis elegans. In this system, LET-23, an
epidermal growth factor receptor-like protein, must be local-
ized to the basolateral membrane of the vulval epithelial cells
for this receptor to associate with its growth factor ligand (25).
Three different PDZ domain-containing proteins, LIN-7,
LIN-2, and LIN-10, which complex with LET-23, are respon-
sible for directing this receptor to its proper site in cells (24).
Therefore, considering that 9ORF1 aberrantly sequesters
MUPP1 in the cytoplasm of cells (Fig. 6 and 7), it is reasonable
to assume that 9ORF1 completely abolishes the function of
MUPP1 by preventing this PDZ protein and its cellular targets
from reaching their proper destinations in the cell.

We also showed that the high-risk 18E6 oncoprotein utilizes
a PDZ domain-binding motif to complex with and promote
degradation of the MUPP1 protein in cells (Fig. 8 to 11).
Whether 18E6 targets MUPP1 for ubiquitin-mediated, protea-
some-dependent proteolysis, as it does for p53 (41), was not
determined. The modest 18E6-induced MUPP1 degradation
observed after mixing in vitro-translated proteins (Fig. 9) may
indicate that 18E6 utilizes a different mechanism to degrade
MUPP1 from the one it uses to degrade p53 and DLG. Nev-
ertheless, the degradation of MUPP1 that we observed in
18E6-expressing COS7 cells implies that MUPP1 function is
abrogated in cells infected by HPV-18. Because the carboxyl-
terminal PDZ domain-binding motif sequence of high-risk
HPV-31, HPV-39, HPV-45, and HPV-51 E6 proteins is iden-
tical to that of 18E6 (28), MUPP1 is also likely to be targeted
for degradation by these and probably other high-risk HPV E6
oncoproteins. Our additional finding that the low-risk 11E6
protein neither binds MUPP1 nor targets this cellular protein
for degradation in cells (Fig. 8 and 10) provides additional
support for the idea that binding of high-risk E6 proteins to
MUPP1 may contribute to HPV-induced carcinogenesis.

Our results argue that an ability to bind cellular PDZ pro-
teins contributes to the transforming activities of both the Ad
E4-ORF1 and high-risk HPV E6 oncoproteins. With respect to
possible roles in the life cycles of Ad and HPV, these interac-
tions are expected to help create an optimal environment for
viral replication within infected host cells by overcoming nor-
mal defense mechanisms that block abnormal progression into
S phase. Such an activity is common to the oncoproteins of
DNA tumor viruses and is invariably mediated by their inter-
actions with host cell factors intimately involved in regulating
cellular proliferation and differentiation (34). In this regard,

FIG. 11. 18E6 decreases the half-life of the MUPP1 protein in cells. A total of 5.5 3 105 COS7 cells were lipofected with 5 mg of empty GW1 plasmid (vector) or
1 mg of GW1-HAMUPP1 plasmid and 4 mg of either empty GW1 plasmid (HAMUPP1) or the GW1-18E6 plasmid (HAMUPP1 1 18E6). At 24 h posttransfection,
cells were pulse-labeled and then chased for the indicated times (see Materials and Methods). Cell proteins (200 mg) were immunoprecipitated with HA antibodies
(a-HA), and HAMUPP1 protein was detected by autoradiography and quantified with a PhosphorImager.
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the fact that two unrelated viral oncoproteins, Ad E4-ORF1
and high-risk HPV E6, have both evolved to target the MUPP1
protein in cells strengthens the hypothesis that interactions
with this cellular factor are pertinent to transformation. It is
well known that the Ad5 E1B oncoprotein sequesters the tu-
mor suppressor protein p53 in cells (44) whereas the unrelated
high-risk HPV E6 oncoproteins promote the degradation of
this cellular factor (19). In these examples, functional inacti-
vation of p53 is the ultimate outcome of these interactions, but
the mechanisms by which these viral oncoproteins accomplish
this effect are distinct. Our findings suggest that the Ad E4-
ORF1 and HPV E6 oncoproteins likewise inactivate MUPP1
by different mechanisms. This interesting parallel with the tu-
mor suppressor protein p53, together with the fact that the
PDZ protein DLG is a putative tumor suppressor protein,
hints that MUPP1 may function to negatively regulate cellular
proliferation and thus may represent a novel tumor suppressor
protein. Consequently, revealing the cellular functions for this
multi-PDZ domain adapter protein may provide new insights
into mechanisms that contribute to the development of human
malignancies.
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